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1 General Introduction 
1.1 Background 
Irrigated agriculture is the largest water consumer which accounts for about 70% 
withdrawal of the world’s total fresh water (Falkenmark and Widstrand, 1992; 
Pimentel et al., 2004). In some arid and semi-arid regions, irrigated agriculture is 
even responsible for more than 90% of total fresh water usage (FAO, 2013). 
However, irrigated agriculture is crucial for food production as well as generating 
employment opportunities in the rural areas, particularly in arid and semi-arid 
regions. Irrigated agriculture contributes about 40% of world’s crop production 
(Howell, 2001; Tiwari and Dinar, 2002; Reddy, 2009). 
Due to rapid population growth, urbanization as well as climate change, water 
resources have become more scarce throughout the world (Tsur, 2004; Ward, 2007). 
According to the Food and Agriculture Organization of the United Nations (FAO), 
one third of the world suffers from different degrees of water scarcity. Furthermore, 
a rapidly growing demand for urban and industrial use increase the competition 
between these sectors and the agricultural sector (Keith, 2006).  With water scarcity 
becoming more evident, the main concern is focused on whether there are enough 
land and water resources in the next 50 years for an additional population of 3.7 
billion (Fischer and Heilig, 1997). It is realized that efficient use of water resources 
in agriculture is essential for meeting the severe freshwater challenges (Wallace, 
2000; Molden, 2007). Before the 1970s, water resource policies in many developing 
countries emphasized on supply augmentation, targeting to improve irrigation 
capacity and to guarantee the water supply to users. Massive amounts of capital 
were invested in building large dams, improving irrigation infrastructure facilities 
and other water related projects (Jones, 1995; Varela-Ortega et al., 1998).  
These investments, however, failed to achieve expected results in terms of 
productivity, efficiency and management. Furthermore, the economic returns of 
these investments were disappointing. Besides, questions and criticisms have been 
raised about the environmental effects of such projects (Sampath, 1992; Molle and 
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Berkoff, 2007). Consequently, there has been a sharp decline in both national 
expenditure and lending from major international donor agencies for irrigation 
(Rosegrant and Meinzen-Dick, 1996). Thus, the emphasis has shifted towards water 
demand management described as “doing better with what we have”, instead of 
steady supply increases (Winpenny, 1994).  
Water demand management includes a variety of instruments such as water pricing, 
market mechanism, education and subsidy (Savenije and van der Zaag, 2002; Molle 
and Berkoff, 2006). However, irrigation water pricing is given the highest priority 
among these options, because immediate effects of water prices on water use are 
expected (Tsur and Dinar, 1995, 1997). However, until declaration of Dublin 
statement in 1992 there has been a disagreement on whether access to water is a 
basic human right or it should be treated as an economic good (Abu-Zeid, 2001). 
The principle 4 of Dublin statement clearly defines water resources as an economic 
good  and thus, water pricing has been widely promoted as a solution to water 
scarcity problems and increasing water use efficiency in agriculture (Hamdy et al., 
1995; Dinar and Subramanian, 1998).  
1.2 Irrigation water pricing theory 
1.2.1 Water pricing 
Theoretically, pricing of irrigation water refers to any charges paid by farmers for 
the access to water resources for irrigation (Tiwari and Dinar, 2002). Water pricing 
is believed to be the most effective economic instrument to promote water 
allocation and water conservation (Tsur and Dinar, 1997). Besides ensuring cost 
recovery from the users, and providing funds for a sustainable water supply system, 
irrigation water pricing also induces users to utilize the water resources more 
efficiently by giving them signals on water’s scarce value (Dinar and Subramanian, 
1998; Abu-Zeid, 2001). 
1.2.2 Full cost recovery pricing of water 
Treating water as an economic good is widely accepted and water pricing as a 
policy intervention is given particular attention (Tsur and Dinar, 1995; Molle and 
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Berkoff, 2006). Yet, it is still unclear how to determine efficient water pricing 
which can induce conservation and better allocation of water in agriculture (Tsur, 
2004). Traditionally, water pricing is fixed according to the operation and 
maintenance (O&M) cost of the supply system.  
Economists argue that such a cost recovery pricing not only cannot reflect water’s 
true value, but also it is too low to give incentives to the users to save water (Postel, 
1992). Therefore, both economists and policy-makers suggest the use of full cost 
recovery (FCR) pricing (Ward and Pulido-Velazquez, 2009). Several definitions of 
FCR pricing can be found in the literature. As defined by Rogers et al. (2002), there 
are three main categories of FCR: full supply cost, full economic cost and full cost 
(Figure 1). The full supply cost includes operation and maintenance cost and capital 
charges, while full economic cost covers full supply cost, opportunity cost and 
economic externality. The full cost includes the full economic cost and 
environmental externalities.  
Figure 1. General principle of full cost (Source: Rogers et al., 2002) 
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1.2.3 Water pricing practices 
Water pricing practices refer to the methods employed in charging water fees to the 
users. There are varieties of water pricing methods in practice; however, these 
practices can be categorized into three basic water pricing practices (Table 1): non-
volumetric water pricing (NVWP), volumetric water pricing (VWP) and differential 
water pricing (DWP). 
Non-volumetric water pricing: In NVWP (also called area-based water pricing), 
water fees are charged per unit irrigated area (Johansson et al., 2002). NVWP is 
usually calculated by dividing the operation and maintenance cost by the total 
irrigated area. Advantages of NVWP include the simple calculation of water fees as 
well as easy implementation and management. NVWP is a popular method because 
of its simplicity and low implementation cost (Easter and Liu, 2005). A major 
disadvantage of NVWP, however, is that the marginal cost of using one more unit 
of water is zero in this system. Thus, water charges do not affect users’ water 
consumption and may cause over-utilization of water resources. According to Bos 
and Wolters (1990), NVWP was used in more than half of the cases that they 
investigated worldwide. NVWP is common some countries such as Pakistan 
(Hussain et al., 2005), India (Singh, 2007) and Palestine (Abu-Madi, 2009).     
Volumetric water pricing: Water fee is charged per volume of water used by the 
user in VWP (Easter, 1986). Encouraging users to save water is the main 
advantages of this pricing system. However, high implementation cost is the main 
weaknesses of this method, as it requires the installation of special equipment to 
measure the volume. Furthermore, the implementing process is more complicated 
than NVWP (Johansson et al., 2002; Easter and Liu, 2005). Besides, water pricing 
is a sensitive issue in developing countries where the farmers rely on irrigation 
water for guaranteeing their basic living conditions (Tsur et al., 2004). Severely 
constraining farmers use of water or raising the water pricing strongly who rely on 
irrigation water for their living may cause some social problems (Molle, 2009). Use 
of VWP has been reported to exist in some parts of Spain and some states of the 
U.S.A. (Molle, 2009).          
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Differential water pricing: DWP considers charging a low water price within a pre-
fixed volume of water consumption and a significantly higher water price when the 
pre-fixed volume is exceeded (Tsur, 2005). DWP can be used, when farmers’ 
affordability is a main concern. Jordan (Molle et al., 2008), Israel (Just et al., 1999) 
and Botswana (Dinar and Subramanian, 1997) are some countries currently using 
the DWP.  
Table 1. Main characteristics of pricing method 
Source: Adapted from Dinar and Subramanian (1997), Just et al. (1999), Johansson 
et al. (2002), Easter and Liu (2005), Hussain et al. (2005), Tsur (2005), Singh 
(2007), Molle et al. (2008), Abu-Madi (2009) and Molle (2009).  
1.2.4 Potential effects of irrigation water pricing  
Cost recovery: Cost recovery is the first and most important role, when discussing 
the potential effects of water pricing. It is also called financial role of water pricing 
(Dinar and Mody, 2004). In many countries, governments are still managing and 
investing the supply system of irrigation (Tardieu and Préfol, 2002; Berbel et al., 
2007). However, rising costs of providing water services leads to great pressure on 
governments’ budget capacity (Cornish et al., 2004). Covering the full costs or part 
of the costs related to water services by water pricing may help to decrease 
government’s financial burden (Abu-Zeid, 2001). Besides, when governments are 
Water pricing 
practices 
Advantages Disadvantages Country 
Non-volumetric 
water pricing 
 Easy to calculate 
 Easy to  implement 
 Easy to administer 
 Low implementation 
cost 
 Low effect on water 
consumption 
 May cause over-
utilization of water 
Pakistan, India,  
Palestine    
Volumetric water 
pricing 
 Effective on water 
conservation 
 High implementation 
cost 
 Difficult to implement 
 
USA, Spain 
Differential water 
pricing 
 Most effective on 
water conservation 
 Can deal with users’ 
affordability 
problem 
 Difficult to implement 
Jordan, Israel,  
Botswana   
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unable to adequately fund operation and maintenance of the supply system due to 
the limited fiscal capacity, the basic infrastructure may deteriorate as well as quality 
of water services to the users (De Azevedo and Baltar, 2005). Thus, water pricing 
can improve operation and maintenance, ensure the sustainability of water supply 
system by providing funds, and improve water allocation among competing users, 
thereby maximizing the economic returns of water resources (Abu-Madi, 2009). 
Adaption of water saving irrigation technology: When water prices increase, 
farmers basically can change their traditional flood irrigation to water saving 
irrigation such as furrow irrigation, sprinkler irrigation and drip irrigation in order to 
mitigate the impact of increased water charges on their profit by reducing water use 
(Molle et al., 2008). Adoption of water saving irrigation can increase water use 
efficiency by reducing water demand and increasing the crop yield.  
Shifting crop pattern: Rising water pricing also encourages farmers to rethink their 
crop choice. Farmers can alter their cropping pattern to other crops which have 
higher economic return and require less water demand,  to deal with increased price 
of water (He et al., 2006; Easter and Liu, 2007).  
Improving on-farm management practices: Farmers can improve on-farm 
management practices aimed at achieving the desirable crop yield and minimizing 
water input by preventing the unnecessary losses of water resources (Molle and 
Berkoff, 2007). Improving on-farm management practices mainly include irrigation 
scheduling and improving the water distribution system at farm level (Jensen, 2007). 
Pereira et al. (2002) argues that efficient use of fertilizer and pesticide also 
increases water productivity by increasing yields of crops per unit of water used.   
1.2.5 Constraints of irrigation water pricing  
Effects on farmers’ income distribution: The most controversial issue in water 
pricing might be its effects on farmers’ income. It is argued that especially poor 
farmers cannot afford high water prices (Dinar and Mody, 2004). At a result, it will 
cause a reduction in agricultural production and increase rural poverty. Many 
studies have found that increasing water pricing resulted in a significant decline in 
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farmers’ income (Berbel and Gómez-Limón, 2000; Latinopoulos, 2008; Speelman 
et al., 2009).       
Price elasticity of demand: Price elasticity of demand can be defined as the level of 
responsiveness in the demand of a certain good to the price changes of that good 
(Mankiw, 2012). Estimating the elasticity of demand has great importance, as it can 
reveal the effectiveness of water pricing policy on water demand and conservation 
(Howe, 2005). A number of studies have been conducted to estimate price elasticity 
of irrigation water demand. However, these studies concluded that elasticity of 
demand was very low. Varela-Ortega et al. (1998) found that water demand is 
inelastic in a certain price range, and becomes elastic only when price exceeds this 
price threshold. Thus, irrigation water pricing requires a strong increase to achieve 
elastic demand. Some scholars warn against such strong increase in irrigation water 
prices considering its effect on farmers’ income (Massarutto, 2003).        
Other constraints 
Results of several case studies indicate that farmers will choose drilling a well to 
gain groundwater, when water price increase, resulting in further exploitation of 
groundwater (Schuck and Green, 2003; Liao et al., 2008). It is argued that water 
pricing is not effective when using non-volumetric water pricing, as there is no 
connection with water pricing and amount of water that user consumed (Molle, 
2008). Finally, increasing water prices may cause conflicts with other agricultural 
policies. For example, China implemented a series of policies started from 2004 
targeted at increasing rural income and decreasing the gap between rural and urban 
income level (Long et al., 2011). Increasing water prices may have adverse effects 
on this national policy (Lohmar et al., 2003).      
1.3 Study area: the Tarim River         
1.3.1 Location of study region 
The 1,321 km long Tarim River is located at the southern part of Xinjiang Uyghur 
Autonomous region in northwest China (Figure 2). Originating from the high 
mountain, Tarim River passes the northern edges of the world’s second biggest 
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desert-Taklimakan desert, and finally ends in eastern Gobi. The Tarim River is a 
typical inland river which does not have its own runoff (Tang and Chen, 1992). 
Water resources are mainly provided by snow, glacier melting and precipitation 
from Tianshan and Kunlun mountains (La Paix et al., 2012; Huang et al., 2015). In 
the past, nine river systems consisting of 144 small rivers contribute to the Tarim 
River (Zhang et al., 2009; Chen et al., 2013). Due to  human influence, such as high 
water abstraction by building large dams in headwater of those tributaries, only the 
Aksu River currently delivers water permanently to the Tarim River, while the 
Yarkan and Hotan Rivers discharge water only during the flooding period (Xu et al., 
2013). These three major tributaries of Tarim River contribute 78.11%, 0.54%, and 
21.35% to its total discharge (Table 2), respectively (Song et al., 2002).  
Table 2. Composition of the water sources of the Tarim River 
Items 
Major tributaries of Tarim River 
Aksu River Yarkan River Hoten River 
Share of Contributions to the 
mainstream of Tarim River (%) 
78.11 0.54 21.35 
Source: Compiled from Song et al. (2002)  
The Tarim River can be divided to three sub-sections: upper stream, middle stream 
and lower stream. Upper stream includes the section from Xiaozhake to Yingbazha 
with a length of 447 km, while middle stream includes the section from Yingbazha 
to Qiala with a total length of 398 km. The length of the lower stream, which starts 
from Qiala and ends in Taitema Lake, is 428 km (Xu et al., 2013).  In order to 
recover the ecological system, water from the Konqi River has been introduced to 
the lower reaches of Tarim River, which formulates the concept “four source rivers 
and one mainstream” (Ye et al., 2006; Xu et al., 2008).   
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Figure 2. Map of Tarim River passing the northern edges of Taklimakan desert and 
its major tributaries (Source: Created by author after internal project data) 
1.3.2 Climate and hydrology 
The climate of the whole Tarim River Basin is extremely arid, continental climate 
with little precipitation, high evaporation, winter-cold and summer-hot (Huang et al., 
2011; Zhao et al., 2013). The annual average temperature varies from 8.8 ℃ to 
13.9 ℃. Maximum temperatures reach 43.6 ℃, and minimum temperatures -27.5 ℃. 
Annual precipitation ranges from 150 mm to 200 mm in the mountain areas, from 
50 mm to 70 mm in the plains, while the potential evaporation varies from 2,100 
mm to 3,000 mm (Han et al., 2009; APSYB, 2014; BSYB, 2014). In the heart of the 
Taklimakan desert, there is almost no precipitation (Figure 3). The formation of 
continental climate condition is mainly due to its distant location from the oceanic 
influences, while the aridity of the river basin is mainly attributed to the fact that 
humid air which normally brings precipitation is cut off  by surrounding mountains 
(Thevs, 2007).  
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Figure 3. Map of annual mean temperature (left) and annual precipitation (right) in 
two administrative regions along the Tarim River (Source: Created using data from 
APSYB, 2014 and BSYB, 2014) 
Due to such arid climate conditions, all activities including industry, domestic use, 
agricultural production as well as natural vegetation totally depend on the water 
from the Tarim River (Thevs, 2011). According to the Tarim River Basin 
Management Bureau (TRBMB), total water resources in 2003 were 43.2 km3, of 
which surface water accounts for 40.2 km3 and groundwater accounts for 3 km3. The 
total water supply of Tarim River and four attributes was 19.58 km3. Agriculture is 
the biggest user which consumes 19.40 km3, accounting for 97.3% of total water 
supply (TRBMB, 2005). The total water supply of Tarim River is rather stable, 
because it is fed by snow, glacier melting and precipitation from the surrounding 
mountains (Jiang et al., 2005). However, the monthly distribution of annual runoff 
is very uneven. Almost more than half of the annual runoff concentrates  in the 
months of July, August and September (Ling et al., 2014).  
1.3.3 Socio-economic conditions 
The Tarim River covers an area of 17,600 km2. The Tarim River comprises four 
administrative regions, which include Aksu administrative region and Bayingolin 
mongol autonomous prefecture, as well as two divisions of Xinjiang Construction 
and Production Corps (XPCC), namely Division 1 located in the upper stream of 
Tarim River and Division 2 located in the lower stream. XPCC is a special 
economic and semi-military organization established by Chinese central 
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government in the 1950s, in order to develop and stabilize the border regions in the 
Northwest of China (Xinjiang Production and Construction Corps Information 
Office, 2010).  
The Tarim River is an important agricultural production base of China with very 
specific growing conditions (Wallace and Wouters, 2006). The region is well-
known for cotton, grain and fruit production (Thevs et al., 2015). Having little 
precipitation and abundant sunshine offers ideal conditions for producing the 
highest quality of cotton. According to the statistical data cotton production of 
whole river basin in 2012 was 3.54 million ton, which accounts for more than 50% 
of Chinese national cotton production and about 15% of world cotton production 
(CSYB, 2014). The Tarim River Basin also has abundant oil and natural gas, and 
plays an important role in Chinese energy supply (Wang et al., 2002). 
The total population of Tarim River was 1.99 million in 2002 (Meng et al., 2009). 
Agricultural population accounts for more than 60% of total population (Wallace 
and Wouters, 2006). Agricultural land is also very scarce in this region; the average 
land area per household is rather small, approximately 1 ha per household (XJSYB, 
2012). The military farmers in XPCC own larger land area. Average land area is 
about 4 ha per household according to farmers survey conducted in 2012. There are 
also some business farmers with a large land area ranging from 33 ha to 233 ha per 
household (Thevs, 2011).            
1.3.4 Population and land use development 
Human settlement can be traced back to 2000 years ago along the Tarim River, 
according the archeological discovery (Zhou, 1989; Qi et al., 2005). However, the 
massive population growth occurred after the foundation of the People’s Republic 
of China in 1949 as illustrated in Figure 4 (XJSYB, 1991; BTSYB, 1991; CPSYB, 
1988; XJSYB, 2001; BTSYB, 2001; Liu and Chen, 2006; XJSYB, 2012; BTSYB, 
2012). One reason for such massive population growth is mainly because the Tarim 
River became the biggest migrant-receiving region in the mid 20th century (Jiang et 
al., 2005) 
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Figure 4. Population growth for the four administrative region along the Tarim 
River during 1954-2011 (Source: Created using data from XJSYB, 1991; BTSYB, 
1991; CPSYB, 1988; XJSYB, 2001; BTSYB, 2001; Liu and Chen, 2006; XJSYB, 
2012; BTSYB, 2012) 
The migration is closely linked to the two national policy objectives: establishment 
of XPCC and central government’s campaign of developing the western region 
(Peng, 2012). The population of Division 1 and Division 2 increased from less than 
10,000 people in 1954 to over 350,000 in 1990. Beginning of the 1990s, the Tarim 
River experienced the second population growth period, while China became one of 
the world’s biggest textile producers and exporters. Rising demand for cotton 
production led the highest ever recorded. Responding to rising demand and prices, 
many farmers converted their land use to cotton production. Being a high labor 
intensity crop, conversion to cotton absorbed a large amount of agricultural 
population (Jiang et al., 2005). At the beginning of the 21st century, Chinese 
government established the “develop the western region” campaign and 
implemented large projects in the western region resulting in vast population 
increase and agricultural development (Lai, 2002).          
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Massive population growth resulted in a huge expansion of agricultural land along 
the Tarim River. This is also confirmed by several authors that population growth is 
one of the main driving forces for land use and land cover change along the Tarim 
River (Hong et al., 2003; Zhao et al., 2013). Using remote sensing data, Zhao et al. 
(2013) analyzed the land use and land cover change along the Tarim river and found 
that area of cropland increased from 106,156 ha in 1973 to 236,347 ha in 2005.         
1.4 Irrigation water pricing and water pricing practices along the 
Tarim River 
Early initiations for irrigation water pricing along the Tarim River date back to 1951, 
when the provincial government introduced water fees for the first time. About 
22.5 kg to 52.5 kg ha-1 of grain produce were collected from the farmers as water 
fee. In 1956, it was officially decided by the provincial government that 2-5% yield 
of wheat should be handed over as water fee (Sun, 2009). During this time, the 
infrastructure construction was mainly completed by farmers’ volunteer labor 
contribution. The water fee did not change until the declaration of the new water 
law in 1990. Since 1990s, water fee has been raised several times; recent 
adjustments were made in 2010. TRBMB announced in 2010 that irrigation water 
pricing increased to 0.019 RMB/m3 in order to improve sustainability of the water 
supply system and encourage for water saving. Still, this water pricing only covers 
37% of full supply cost, according to the XUAR Provincial Department of Water 
Resources (Zili Nian, 2012). Low water pricing is identified to be a major reason 
for low WUE results and over use of irrigation water along the Tarim River. 
According to XUAR People’s Government, the water price will further increase and 
full supply cost recovery rate is planned to reach 70% at the end of 2015 and 100% 
at the end of 2020 (XUAR People’s Government, 2013). 
TRBMB is responsible for collecting the water charges from the local water station 
at county level. There are several sub-organizations of TRBMB that rely on the 
water charges. Non-volumetric water pricing is the main pricing practice at the farm 
level along the Tarim River. The local water station is responsible for collecting 
water charges from the farmers. Currently, farmers are not involved in the process 
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of water resources management and collection of water charges along the Tarim 
River. A farm survey conducted in 2012 revealed that the average water fee that 
famers pay was about 1,200 RMB ha-1 yr-1, giving an estimated volumetric water 
price of 0.14 RMB/m3. The water fee for groundwater is slightly higher than the 
surface water fee. 
1.5 Problem statement  
Large scale expansion of arable land and intensive irrigation with low WUE in the 
upper and middle stream over the last serval decades resulted in significant changes 
along the Tarim River (Hao et al., 2009). Thus, especially severe environmental 
problems such as vegetation degradation, soil salinization, desertification and 
sandstorm became apparent (Feng et al., 2001; Fan et al., 2002; Yang et al., 2006). 
The area of Populus euphraitica riparian forest along the river basin sharply 
decreased from 454,000 ha in the 1950s to 247,300 ha in 2000 (Deng, 2004). 
Besides the severe environmental problems, intensive water use for agriculture in 
the upper and middle stream resulted in increased conflicts even among the farmers, 
effected crop production (Cyffka et al., 2013). Furthermore, severe water scarcity 
and harsh environment in the lower stream of Tarim River resulted in an out-
migration of local population (Jiang et al., 2005). Ensuring sufficient water for eco-
environment, social and economic development became key challenges along the 
Tarim River Basin (Chen et al., 2013). It is realized that the unified management of 
water resources, efficient allocation as well as efficient use of water resources are 
the key factors for a sustainable development along the Tarim River (Xu et al., 2005).         
1.6 Objectives of the study 
The overall goal of this study is to find out the role of economic incentives on the 
sustainable use of water resources along the Tarim River. The thesis is mainly 
focused on the impact of irrigation water pricing on efficient water use in the 
agricultural sector along the Tarim River. This research may help decision makers 
to gain a better understanding how water pricing as demand management option can 
elicit efficient water use. 
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The specific objectives of the Ph.D. thesis can be stated as follows: 
1) Understand land and water use development and its driving forces 
2) Identify farmers’ ability to respond towards the changes in water pricing, and 
to indicate factors influencing farmers’ choice towards changes in the 
irrigation water price 
3) Identify the shortcomings of current water pricing practices in order to 
develop policy recommendations for improvement 
4) Develop a model which estimates the effects of changes in water price policy 
and changes in water pricing practices for an increased water use efficiency 
5) Evaluate effects of other agricultural policies on increasing water use 
efficiency and identify best policy scenarios aimed at achieving the highest 
water use efficiency 
6) Develop policy recommendations for the successful implementation of  an 
appropriate water pricing policy  
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journals. For the citation of the papers please use the reference blow. Full paper of 
publication I, II and III can be accessed via the presented link.   
Publication I 
Feike, T.; Mamitimin, Y.; Li, L.; Doluschitz, R., 2015. Development of agricultural land 
and water use and its driving forces along the Aksu and Tarim River, P.R. China. 
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Appiah, M.K.; Feike, T.; Wiredu, A.N.; Mamitimin, Y., (2014): Cotton Production, Land 
Use Change and Resource Competition in the Aksu-Tarim River Basin, Xinjiang, China. 
Quarterly Journal of International Agriculture 53(3): 243-261. 
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2.2 Development of agricultural land and water use and its 
driving forces along the Aksu and Tarim River, P.R. China 
 
 
Publication I 
Feike, T.; Mamitimin, Y.; Li, L.; Doluschitz, R. 2015. Development of agricultural land 
and water use and its driving forces along the Aksu and Tarim River, P.R. China. 
Environmental Earth Sciences, Volume: 73, Issue: 2, Page (n):517-531. ISSN/ISBN: 1866-
6280 
Abstract 
The extremely arid Aksu-Tarim Region (ATR) in northwestern China is one of the 
country’s most important cotton production bases. However, in recent years, the negative 
ecological consequences of the intensive agricultural production become apparent. Apart 
from the degradation of riparian vegetation, competition for scarce water resources among 
farmers tightens. To be able to develop solutions for the aggravating problems, and sustain 
the ATR as a favored agricultural production base, it is decisive to clearly understand the 
land- and water-use development and its driving forces in the ATR. Statistical yearbook 
data from 1989 to 2011, comprising the four administrative regions of the ATR, namely 
Aksu and Bayangol prefectures, as well as Division 1 and Division 2 of the military farms, 
and annual producer price data constitute the data base for the present study. Relevant 
policy documents and data obtained through a stakeholder workshop complement the 
analysis. It is shown that agricultural land area more than doubled during the 1989–2011 
period. This is a result of the interaction of: (1) vast population growth and related increase 
in agricultural labor; (2) positive price developments for fruits and cotton; (3) strong 
increase in agricultural profitability, triggering further land reclamation; (4) afforestation 
programs pushing for the establishment of orchards; and (5) insufficient restriction of 
agricultural land expansion. It is recommended to step up the efforts to move people out of 
agriculture into other sectors, and significantly improve agricultural water productivity by 
increasing yield levels and shifting crop production towards labor-intensive high-value 
commodities. 
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2.3 Irrigation in the Tarim Basin, China: farmers’response to 
changes in water pricing practices 
 
 
Publication II 
Mamitimin, Y.; Feike, T.; Seifert, I.; Doluschitz, R. 2015. Irrigation in the Tarim Basin, 
China: farmers’ response to changes in water pricing practices. Environmental Earth 
Sciences, Volume: 73, Issue: 2, Page (n):559-569. ISSN/ISBN: 1866-6280 
Abstract 
The extremely arid Tarim Basin in northwestern China is an important cotton and fruit 
production region. However, extensive agricultural land reclamation combined with 
unreasonable water use in recent decades resulted in degradation of ecosystems along the 
Tarim River. With declining water availability, it is becoming increasingly important to 
utilize this essential resource more efficiently. Water pricing is considered an effective way 
to advance water allocation and water conservation. To identify whether a strong increase 
in water price may lead to a wiser agricultural water use along Tarim River, 128 farmers 
were interviewed with structured questionnaire in different parts of the Basin. Multinomial 
logistic regression was employed to explain the factors influencing farmers’ reaction 
towards a strong increase in water price. The results show that under increased water price 
less than half of the interviewed farmers would opt for decisions that lead to improved 
water use efficiency. Moreover, the price increase might lead to a further expansion of 
groundwater exploitation in the region. Fruit farmers, as well as farmers with less land and 
less cash income are reluctant to adopt advanced irrigation technology or improve their 
crop production in reaction to increased water price. It was furthermore revealed that the 
experience of slight water shortage in the past created awareness by farmers to use water 
more wisely. It is concluded that the sole increase of water price is not a viable option; an 
integrated approach is necessary, in which creation of awareness and improving agronomic 
skills of farmers play a key role to overcome the tight water situation and realize a more 
efficient use of water. 
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2.4 Bayesian network modeling to improve water pricing 
practices in NW China 
 
 
Publication III 
Mamitimin Y, Feike T, Doluschitz R. Bayesian Network Modeling to Improve Water 
Pricing Practices in Northwest China. Water. 2015; 7(10):5617-5637. 
doi:10.3390/w7105617 
Abstract 
Water pricing is regarded as the most important and simplest economic instrument to 
encourage more efficient use of irrigation water in crop production. In the extremely water-
scarce Tarim River basin in northwest China, improving water use efficiency has high 
relevance for research and policy. A Bayesian network modeling approach was applied, 
which is especially suitable under data-scarce conditions and the complex geo-hydrological, 
socioeconomic, and institutional settings of the study region, as it allows the integration of 
data from various types of sources. The transdisciplinary approach aimed at understanding 
the actual water pricing practices, the shortcomings of the current system, and possible 
ways of improvement. In an iterative procedure of expert interviews and group workshops, 
the key factors related to water pricing and water use efficiency were identified. The 
interactions among specific factors were defined by the respective experts, generating a 
causal network, which describes all relevant aspects of the investigated system. This 
network was finally populated with probabilistic relationships through a second round of 
expert interviews and group discussions. The Bayesian modeling exercise was then 
conducted using Netica software. The modeling results show that the mere increase of 
water price does not lead to significant increases in water use efficiency in crop production. 
Additionally, the model suggests a shift to volumetric water pricing, subsidization of water 
saving irrigation technology, and advancing agricultural extension to enable the farmer to 
efficiently react to increased costs for water. The applied participatory modeling approach 
helped to stimulate communication among relevant stakeholders from different domains in 
the region, which is necessary to create mutual understanding and joint targeted action. 
Finally, the challenges related to the applied transdisciplinary Bayesian modeling approach 
are discussed in the Chinese context. 
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2.5 Cotton Production, Land Use Change and Resource 
Competition in the Aksu-Tarim River Basin, Xinjiang, China 
 
 
Publication IV 
Appiah, M.K.; Feike, T.; Wiredu, A.N.; Mamitimin, Y. (2014): Cotton Production, Land 
Use Change and Resource Competition in the Aksu-Tarim River Basin, Xinjiang, 
China. Quarterly Journal of International Agriculture 53(3): 243-261. 
Abstract 
This paper assessed cotton production and land use change (CPLC) and resource 
competition along the Aksu-Tarim River (ATR) of Xinjiang, China. Trend analysis, 
correlation analysis, and the Comparative Advantage Indicies (CAI); Efficiency Advantage 
Index (EAI), Scale Advantage Index (SAI) and Aggregated Advantage Index (AAI) 
analysis were used in guiding efficient resource allocation for sustainable cotton 
production; minimize resource competition and conflict in the arid region. The results 
revealed a relative variation in comparative advantages (CA) in cotton produc¬tion among 
upstream and downstream farms, and inside and outside Bingtuan between the years 1989 
to 2009. CA for cotton production and agricultural land use area was observed for counties 
along the upper reaches of the ATR than their counterparts. Furthermore, CPLC were more 
responsive to policies than market price. Also, human, population, proximity of cotton 
farms to a water source, and cotton production was the major drivers of land use. Finally, 
key measures that could impact future sustainable cotton development were discussed 
based on CAI and ecology. 
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3 General discussion 
This general discussion deals with the major findings of the research. This section 
does not discuss each paper one by one; the discussion of each paper can be read at 
its end. The general discussion is divided in five subsections. The first and second 
section are focused on the major results of the research. The third section focuses on 
policy recommendations that are aimed at more efficient water use along the Tarim 
River. The fourth section addresses the application of Bayesian Networks in water 
resource management. The final section discusses some open questions such as 
farmers’ affordability and institutional aspects of water pricing.    
3.1 Irrigation water pricing as a demand management option 
along the Tarim River 
Irrigation water pricing was given particular attention and higher priority dealing 
with water scarcity problems especially after declaration of the Dublin Statement in 
1990s. Some countries have already considered and applied the water pricing policy 
as the main policy dealing with their water scarcity issues (Dinar, 2000). However, 
there has been little agreement on the effect of pricing to promote water allocation 
and water conservation. To date there is a large number of fundamental studies 
describing the effect of water pricing policies (Caswell et al., 1990; Quba'a et al., 
2002; Gómez-Limón and Riesgo, 2004; Noéme and Fragoso, 2004; Bartolini et al., 
2007; Dono et al., 2010; Gallego-Ayala, 2012; Medellín-Azuara et al., 2012). In 
most of these studies, the mathematical programming approach, which is built on 
the concept of maximizing profit, has been applied to find out the effect of water 
pricing. The main assumption is that farmers are perfectly rational, and they will 
make proper changes to increased water price, in order to maximize their profit. The 
most serious disadvantage of these assumptions is that they fail stimulating the 
farmers’ behavior. Farmers’ rationality may be driven by various objectives, which 
do not fully conform to profit maximization, for instance risk minimization, 
reduction of workload, or maintaining the access to resources (Ellis, 1993). In 
addition, farmers may not have comprehensive information on production 
alternatives available to perform the most adequate changes to their production 
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methods. Thus, the approach of exclusive mathematical programming was criticized 
that results of the studies that employed profit maximization may be over-estimated 
or implausible, because they do not fully consider the farmers’ particular rationality 
(Lin et al., 1974; Hazell et al., 1986). To overcome some of the shortcomings 
above-mentioned, Speelman et al. (2009) and Frija et al. (2011) applied data 
envelopment analyses to find out farmers’ responses to the changes in irrigation 
water pricing in South Africa and Tunisia. Still their analyses are based on the 
assumption that farmers are price responsive to changes to the irrigation water 
prices. The effectiveness of irrigation water pricing depends on how farmers are 
able to respond to irrigation water pricing and make proper changes (Ray and 
Williams, 1999). Thus, there is great importance identifying how farmers respond 
towards changes to irrigation water pricing.  
To find out farmers’ responses towards changes of irrigation water pricing, 128 
households were interviewed in different parts of the Tarim River Xinjiang Uyghur 
Autonomous Region, P.R. China in July and August 2012. The results of the study, 
which are embedded in the second article, indicate that less than 50% of the 
interviewed farmers would choose to use water more wisely by adopting irrigation 
technology, shifting crop patterns, or improving farm-management practices. A case 
study by Liao et al. (2008) which used a sample data from 204 farmers in the 
Sichuan, Shaanxi, and Hebei provinces of China also found similar results that 
irrigation water pricing may not encourage farmers to use water more efficiently. 
They also found that most farmers had no incentive to use water saving irrigation, 
even when water prices doubled or tripled over the current level. On the contrary, 
almost one-third of interviewed farmers would drill wells to guarantee their water 
supply and irrigation timing, while 32 of the 128 farmers would choose not to 
respond to changes in water pricing and will pay higher prices. The results also 
reveal that increased water prices may further result in the over-exploitation of 
groundwater resources. 
The results of the second paper describe the general situation well and show how 
farmers respond to changes in water pricing. Several issues, however, need further 
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investigation. First, it is important to find out effects of different price levels and 
changes in the water pricing practices to the WUE. Second, institutional aspects 
also need to be considered for the successful implementation of pricing policies. 
Finally, it is argued that increasing water pricing may not lead to the efficient use of 
water, unless other relevant agricultural policy options are considered. Thus, it is 
important to investigate what other agricultural policies are available and how they 
affect water usage together with irrigation water pricing. In order to find out 
answers to these issues, a Bayesian network (BN) modeling approach was applied. 
For the development of the BN model data was collected from preselected sources 
such as farm surveys, expert interviews and workshops, policy documents, official 
statistics, and scientific literature. The results presented in the third article show that 
irrigation water pricing will not lead to efficient water use, when it increases at a 
low and medium level. Only a strong increase in water pricing will lead to higher 
WUE. The results also show that adoption of volumetric water pricing systems, 
guaranteeing the subsidies for advanced irrigation technology, as well as advancing 
agricultural extension services are necessary for further improving WUE. The 
results of the study conform to the findings of the case studies by Bazzani et al. 
(2004) and Huang et al. (2006), who found that mixed pricing policies, rather than 
single pricing instruments, were important to achieving efficient water use in 
agriculture. By reviewing the six case studies, a discussion paper by the World 
Bank also identified that the availability of a volumetric measuring system, water 
saving technology and education for public awareness of saving water as well as the 
education or technological support for irrigation were the key factors to reducing 
water use, when implementing water pricing as a demand management option 
(Easter and Liu, 2005).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
3.2 Underlying reasons of inefficiency of water pricing along the 
Tarim River   
The results from the both second and third article imply that irrigation water pricing 
alone fails to achieve efficient water use along the Tarim River. In the next section, 
we will give a detailed analysis with regard to the reasons why water pricing does 
not lead to efficient water use. 
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3.2.1 Water pricing and cost recovery  
There is no controversy that the financial role of the water pricing ensures the cost 
recovery of the supply system (Chohin-Kuper et al., 2003). In general, improving 
the cost recovery rates will improve the supply system and water delivery services. 
However, according to the policy document from the XUAR Provincial Department 
of Water Resources, it seems there is no clear connection with the water fees 
collected and operation and maintenance funds to sustain the infrastructure. It 
means that the maintenance, replacement, rehabilitation, and modernization of basic 
infrastructure are independent of the charge collection itself. The funds for the 
supply system are mainly decided by the Provincial Department of Finance 
according to the budget calculated by the water authority (XUAR, 2000). Besides, 
distribution of the operation and maintenance expenditure also determines 
sustainability and quality of water delivery services of the supply system. Burton 
(2010) defined the irrigation and drainage (I&D) expenditures into three categories: 
operation, maintenance and management. He argued that maintenance expenditure 
should be 70% of total expenditure as shown in Figure 5. He also added that in most 
cases, the expenditure of management especially for staff salaries is much higher 
than other costs, which leads to the deterioration of I&D systems. Shen and Lein 
(2010) reported that administrative expenditures accounts for 85% of the total 
expenditures in 2002 in the study region. They also conclude that increases in water 
prices may not result in improvement of I&D systems along the Tarim River. It can 
be concluded that increased water prices may have limited impact on the efficiency 
of the water supply system, but disproportionately increase the administrative 
affords.              
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Figure 5. Settings of operation, maintenance and management expenditure with 
inadequate levels of funding and adequate levels of funding (Source: Burton, 2010)  
3.2.2 Water pricing and the adoption of advanced water-saving technology 
The results of the second article indicate that quite a number of farmers will have an 
intention to adopt advanced irrigation technology, when water prices increase. 
However, there are still several constraints to prevent the farmers adopting 
advanced irrigation technology along the Tarim River. First of all, it is costly. The 
importance of subsidies for the adoption of water use efficient irrigation 
technologies is discussed in detail in section 3.3.1. According to (Li et al., 2006), 
management and installation of a drip irrigation under cotton production costs 
around 4,000 RMB ha-1. Research findings conducted by Thevs (2011) along the 
middle stream of  the Tarim River also indicate that the reason why farmers are not 
willing to use drip irrigation is mainly because it is costly and farmers lack of 
capital for adoption. As discussed by Shiferaw et al. (2009), farmers’ decision on 
adoption of new technologies are mainly determined by additional gains such as 
higher economic returns or lower risk. This is also supported by findings from a 
case study by Liao et al. (2008) that farmers have little incentives to adopt water 
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saving irrigation when water prices increase. This is mainly because farmers 
thought they could not gain promising economic returns by investing in costly water 
saving-irrigation. Besides, the adoption of such water-saving technology needs 
certain installation and operational skills. Training at the farm level is needed to 
encourage them to adopt. Furthermore, area-based water pricing is used at the farm 
level along the Tarim River. There is no connection between water pricing and the 
amount of water that farmers consume under such a pricing system. Therefore, 
increasing water pricing cannot send them the right signal to save water. Finally, 
farmers are not willing to adopt advanced irrigation technology, when they do not 
realize the scarcity of water resources. Farmers do not consider saving water, 
especially when farmers have enough water, or are at the upper stream of the river 
basin. Thus, public education or training is needed to increase the awareness of 
farmers to help persuade them to conserve water (Easter and Liu, 2007).  
3.2.3 Water pricing and shifting crop patterns 
The main idea of shifting crop patterns is that shifting current crops to other crops 
that have higher economic benefits and require less water demand to deal with 
increased irrigation prices. Currently, cotton production dominates the crop 
production along the Tarim River. The first and most important issue is the 
availability of such crops that have higher economic returns and require less water 
than cotton. There are at least two species that may theoretically fit these 
requirements: Ziziphus jujube.Mill (also called jujube) and Apocynum venetum.L 
(Figure 6). The jujube is a multipurpose fruit tree that can be used as a fruit and 
remedy (Gao et al., 2013). Guo and Luo (2014) reported that the area planted with 
jujube have increased rapidly in last two decades along the Tarim River, and the 
economic benefit of jujubes is sometimes up to 150,000 RMB ha-1. Apocynum 
venetum is multifunctional plant that is largely distributed in Central Asian deserts 
(Chen et al., 2015). Leaves of the plant can be used as medical tea while natural 
fiber can be obtained from the stem of the plant for textiles (Wang et al., 2007; Xie 
et al., 2012). A research group led by Thevs et al. (2013) argued that cotton can be 
replaced by the Apocynum species in order to deal with water scarcity problems and 
to protect the local environment. According to Thevs et al. (2013), the Apocynum 
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species can grow in harsh environments, such as arid climates and saline soil, 
without irrigation. The Apocynum species can also generate income for locals. 
There is no sufficient evidence yet, however, supporting that both species can 
generate higher economic benefits and require less water demand than cotton. 
Besides, farmers are usually risk adverse (Mendola, 2005). Farmers do not take the 
risks to shift to more intensive, time and input-consuming crops without rather 
stable market opportunities (Venot et al., 2007). Lipion (1968) argues that small 
farmers usually do not change their cropping patterns aiming at higher income, 
because they concern more about securing their basic needs for living.  
  
Figure 6. Ziziphus jujube.Mill. and Apocynum venetum.L. (Source: Gao et al., 2013 
and author) 
3.2.4 Water pricing and optimizing on-farm management practices 
Better timing of irrigation and controlling the amount of irrigation (irrigation 
scheduling) are given particular attention when considering optimizing on-farm 
management practices (Endale and Fipps, 2001). Jensen (2007) argues that 
irrigation scheduling can improve water use efficiency and productivity with no 
additional costs or special skills such as drip irrigation. However, some authors 
argue that irrigation scheduling requires knowledge on crop water requirements and 
crop yield responses to irrigation (Allen, 1998). Still, farmers need certain guidance 
from the government or from agricultural agents. This indicates that water pricing 
  
 General discussion 
94 
 
 
may not encourage farmers to use irrigation scheduling unless important knowledge 
and practices about irrigation scheduling are delivered to farmers effectively. 
Among the 128 farmers interviewed in 2012 along the Tarim River, none used 
irrigation scheduling practices. Farmers decide the irrigation time and amount 
purely according their experience and the availability of water for irrigation. This is 
mainly because the government focused on drip irrigation and not enough attention 
was given to the importance of irrigation scheduling and its popularization among 
farmers. It is recommended that farm level training and education on irrigation 
scheduling, as well as other water-saving technologies, are essential to help farmers 
develop their skills and enhance their awareness of water conservation (Zhu et al., 2015).  
3.3 Policy recommendations 
The policy recommendations developed in this dissertation mainly focus on two 
requirements; subsidies and improved extension service. The following section 
deals with the role of subsidies for the implementation of water saving irrigation 
technologies. Subsequently, the importance of integrated agricultural extension 
service is discussed.  
3.3.1 Importance of subsidy  
As discussed above, increasing water prices are not sufficiently effective for the 
adoption of advanced irrigation technology along the Tarim River. Capital 
constraints are identified as the main reason for not adopting advanced irrigation 
technology such as sprinkler irrigation and drip irrigation. Bjornlund et al. (2009) 
used a sample of 150 irrigators in Canada and found similar results that financial 
constraints have been the main reason for not adopting improved irrigation 
technology. Blanke et al. (2007) conducted a survey in six provinces in Northern 
China and found that farmers’ decision of investing in water saving irrigation is 
limited by their economic capacity. Therefore, the demand management option 
subsidy is needed to encourage farmers to adopt advanced irrigation technology by 
reducing the costs of installation and management (Brinegar and Ward, 2009). 
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Subsidy policies targeting at water saving in agriculture have already existed along 
the Tarim River since 2009. The source of the subsidy is mainly from the XUAR 
Provincial Department of Finance, and the local government. In 2009, the XUAR 
Provincial Department of Finance invested 180 million RMB and subsidized drip 
irrigation by 1500 RMB ha-1. Total investment for the subsidy officially increased 
to 900 million RMB and subsidy for drip irrigation increased to 4,500 RMB ha-1 in 
2011. It is reported that the area of water-saving irrigation in 2011 significantly 
increased compared to 2009 (Yong, 2014). However, in the farm survey conducted 
in 2012, farmers revealed that they were still receiving the much lower financial 
support for drip irrigation, which was approximately 1,500 RMB ha-1. The main 
factor hindering the diffusion of water-saving irrigation in the region is the limited 
financial capacity of local government. It is suggested that the amount of total 
investment for water-saving irrigation are needed to further increase, and 
government should guarantee farmers’ subsidy for advanced irrigation technology 
adoption.            
3.3.2 Importance of agriculture extension  
Agricultural extension services are some of the most common and important types 
of knowledge diffusion and technology transfer (Birkhaeuser et al., 1991). By 
bridging the gap between traditional agricultural practices and modern agriculture, 
effective agricultural extension services can raise agricultural productivity and 
improve rural conditions (Swanson, 2008). Several authors acknowledge the 
importance of agricultural extension especially in the adoption of water-saving 
technologies. Abdulai et al. (2005) found that farmers who could access agricultural 
extension services had higher rates of adoption of water-saving technology in 
China’s Hubei province. Karami (2006) found that having access to information 
from the extension agents is one of the important factors affecting  farmer’s choice 
of irrigation methods in Iran. Using data from a sample of 360 farmers, Ahmad et al. 
(2014) also found that a lack of information and experience is one constraint 
preventing farmers from adopting water-saving irrigation in Pakistan’s Indus Basin. 
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As discussed in previous sections, besides capital constraints, a lack of knowledge 
and capability is the main factor preventing farmers from conducting proper 
changes, which results in inefficient irrigation water pricing policies along the 
Tarim River. This raises questions about the efficiency of agricultural extension 
systems in this region. In China, Agricultural extension systems have been 
developed rapidly in recent decades according to several authors (Nie et al., 2002; 
Jin et al., 2010). It is reported that the rapid agricultural productivity growth was 
highly related to the development of agricultural extension (Huang and Rozelle, 
1996). However, several common challenges resulting in the  inefficiency of 
Chinese agricultural extensions need to be addressed (Lohmar et al., 2009). First, 
Chinese agricultural GDP shares about 10% of total GDP in 2013 (CSYB, 2014). 
Most importantly, Chinese agriculture feeds almost one fifth of the world’s 
population (Tilt, 2008; Zhang et al., 2015). However, expenditures for agriculture, 
especially for agricultural extensions, is relatively low and unstable (Fan, 2000). 
The share of investment for agricultural research and development in the total 
agricultural GDP of China was 0.5% in 2008. It is much lower when compared to 
the average share of investment for agricultural research and development in the 
total agricultural GDP of developed countries (about 2.4%), and is even lower than 
the average for developing countries (about 0.6%) (Chen et al.). Agricultural agents 
had a little incentives in agricultural activities, because they were paid in a poor 
level (Hu et al., 2009). Secondly, there is no doubt that China possesses one of the 
largest agricultural extension teams in the world. There were almost more than one 
million agricultural extension specialists in the end of 2000 (Hu et al., 2012). 
However, the ratio of extension agents to farmers was only 1:714. The ratio was 
much higher compared to some countries, such as India (1:5,000) and Nigeria 
(1:3,333) (Davis et al., 2010), but was still lower when compared to the average 
ratios of developed counties (1:400) (Feder et al., 1999). Besides, the rapid growth 
of agents’ numbers and insufficient budget spending on retraining agents resulted in 
decreasing the quality of agricultural extension team. Thirdly, sufficient funding 
and high-quality agricultural extension teams are important for the efficiency of 
extension systems. However, the key challenges currently faced by Chinese 
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agricultural extension system may be the lack of effective transfers of related 
research findings and new technologies to farmers (Feike et al., 2010). Identifying 
farmers’ real needs, transferring research findings and new technologies from the 
laboratory into practice through collaboration with researchers, extension agents, 
farmers and related institutions are the most important tasks of agricultural 
extension systems (Lee, 2005; Hu et al., 2012).  
It is recommended that governments should increase the investments in agricultural 
research and extension (Fan et al., 2004; Gao and Zhang, 2010). Substantial 
investments are needed for extensions to provide adequate incentives to agricultural 
extension agents (Hu et al., 2012). Besides, it is also suggested that special attention 
should be given to the human resources development of agricultural systems 
focusing on the quantity and quality of extension staff (Wesley and Faminow, 2014). 
Motivated and highly-qualified extension agents are believed to be key players who 
can effectively deliver new technologies and knowledge to farmers (Baig and 
Aldosari, 2013). Furthermore, great efforts are needed to build strong linkages 
between research institutions, extension agents, farmers, and other organizations in 
order to effectively deliver new findings, technologies, and knowledge from 
laboratories to the farmers (Ekboir and Initiative, 2012). This leads to the 
conclusion that measures towards a comprehensive vocational training are crucial to 
sustainably improve agricultural extension. Provision of educational programs for 
farmers, such as workshops or trainings, may complement these measures.                                                    
3.4 Application of Bayesian networks (BN) in water resources 
management 
As elaborated in the third article, BN is a powerful tool to deal with uncertainty and 
limited data availability in the respect of water resource management. Through 
increased demand for fresh water and widespread water scarcity emerged an 
integrated water resources management approach (IWRM), which takes into 
account all factors including the complexity of the water supply system, various 
factors in the spatial and time dimension, and involvement of stakeholders in the 
water resource management (Al Radif, 1999; Thomas and Durham, 2003; Biswas, 
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2004; Savenije and van der Zaag, 2008). The BN model is especially useful when it 
clearly explains complex problems, easily simulating and comparing the impact of 
different management scenarios as well as determining the driving factors by using 
sensitivity analyses (McCann et al., 2006). Such an advantage of the modeling 
approach is also supported by many case studies such as Quinn et al. (2013), Gawne 
et al. (2012) and Shenton et al. (2014). The model successfully simulates impact of 
different water pricing scenarios and other policy changes. The model also well 
integrates expert knowledge and empirical data. Additionally, the model is validated 
by the judgement of local experts and water authorities and confirms that simulation 
results are acceptable. 
Recently, an increasing number of scientific literature can be observed using BN as 
a modeling approach in water resources management, with a focus on groundwater 
protection (Farmani et al., 2009; Aguilera et al., 2013; Giordano et al., 2013; 
Molina et al., 2013; Giordano et al., 2015), irrigation management (Robertson and 
Wang, 2004; Blanco-Gutiérrez et al., 2013), and catchment management (Stewart-
Koster et al., 2010; Keshtkar et al., 2013). For example, a case study by Molina et 
al. (2013) using BN assessed the impacts of climate change on groundwater systems 
in the arid and semi-arid region of Spain, while a case study by Robertson and 
Wang (2004) that used BN as a decision tool examined  farmers’ decisions on a 
selection of irrigation systems. A case study by Keshtkar et al. (2013) uses BN 
modeling to explore the best management scenarios to improve water quality in the 
Hablehrood river catchment in Iran. Besides, the disconnection between scientific 
evidence and decision making in water resources management and planning  
emerged participatory approach which includes scientists, decision makers and 
other stakeholder (Al Radif, 1999; Liu et al., 2008). The ability of BN to easily 
integrate data from different sources and discipline makes the approach more 
popular tool in participatory modeling process of water resource management 
(Uusitalo, 2007; Duespohl et al., 2012). Many authors have applied BN as their 
main modeling approach in their participatory research (Molina et al., 2011; 
Carmona et al., 2013b; Liedloff et al., 2013; Carmona et al., 2013a).    
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3.5 Open questions  
3.5.1 Farmers’ affordability  
Farmers’ affordability is the most controversial issue when considering the water 
pricing as a demand management option (Sampath, 1992). Besides its impact on 
farmers’ income distribution, critics concern more about its impacts on food 
security in the long run. A case study by Latinopoulos (2008) simulated the impacts 
of water pricing on farmers income in Loudias River Basin in Northern Greece and 
he found that farmers’ income losses may range up to 35% by introducing water 
pricing. Using mathematical programming, Berbel and Gómez-Limón (2000) 
simulated impacts of water pricing on farmers’ income distribution in three irrigated 
areas in Spain. They found that farm income may drop by 40%, until the water 
pricing reaches a significant level, which results in water demand reduction. A case 
study by Huang et al. (2006) also found that increasing water pricing may result in 
reductions in crop production, especially it may have significant effect on the 
production of grain crops in the Hebei Province of China.    
The water pricing policy dealing with water scarcity is already on the way along the 
Tarim River. There are expected to be further increases in water price levels. The 
government reported that cost recovery is very low. However, there is a big 
difference between the water price reported by the government and ultimate water 
pricing that farmers paid. It seems farmers pay much more than required. Shen and 
Lein (2010) also reported that water pricing that famers paid already reached the 
full supply cost. Even a slight increase in water pricing may result in significant 
reductions in farmers’ income. The results of the third article of this Ph.D. thesis 
indicate that differential water pricing practices preferable concerning the farmers’ 
affordability. At present, these issues are still uninvestigated. Thus, further 
investigation and careful assessment of the impacts of water pricing are necessary to 
mitigate its effect on farmers’ welfare and food security.          
3.5.2 Institutional aspects of water pricing 
In the third article, parts of the institutional aspects of irrigation water pricing are 
discussed. However, water institution is a broad term including the legal, 
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administrative, and policy environments targeted at water allocation (Global Water 
Partnership, 2000). In the next section, it will be discussed some important topics 
related to water institutions.  
Transferable water rights  
As defined by Holden and Thobani (1995) “ tradable water rights are that they are 
secure and can be legally traded under the guidelines established by a legal, 
regulatory, and institutional framework”. Well-defined water rights are believed to 
have several advantages in terms of improving water use and water allocation. First 
of all, well-defined water rights can improve the reallocation of water by shifting 
water resources from lower value uses to higher value uses (Thobani, 1995). 
Besides, well-defined water rights can increase water productivity by putting strong 
incentives the users to conserve water (Rosegrant and Binswanger, 1994). 
Furthermore, farmers can also generate extra income by selling their saved water to 
the others, when the water rights are well-defined (Thobani, 1995). Schleyer (1996) 
reported that the establishment of  tradable water rights in Chile not only  increased 
water use efficiency, but also encouraged  farmers to alter their crops to high value 
crops that use less water. A case study by Brooks and Harris (2008) also confirmed 
that economic efficiency was gained in Australia by introducing tradable water rights. 
According to the Chinese water law, the state owns the water resources. Water 
rights systems are not well-defined and well-developed. As stated by Jiang (2009), 
an undeveloped water rights systems is one of the major factors causing inefficiency 
of water use and water scarcity in China. Since 2000, China’s government  
conducted a series of pilot water transfer projects described by Speed (2009b). 
These pilot reforms, however, mainly focus on water rights transfer in river basin 
and county level, a little case can be observed at farm level (Liu, 2003). Besides, 
these limited numbers of water rights transfer projects at the farm level were 
reported unsuccessful because of different barriers, such as management, legal, and 
fiscal constraints (Zhang, 2007; Cai, 2008). Speed (2009a) compared the water right 
system of China and Australia and emphasized the importance of clearly-defined 
water rights and more liable market trading for China’s water right system. Further 
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research for achieving efficient water use along the Tarim River may focus on 
tradable water rights, and special attention should be given on how to clearly define, 
monitor, and enforce water rights.            
Water user association (WUA) 
WUA refers to the special organization that is operated and managed by the water 
user (Johansson et al., 2002; Lin, 2003). In theory, the WUA involves water 
resource management and decision making as well as collecting water charges 
(Abdullaev et al., 2010). Involvement of WUA in water management activities may 
not only reduce transaction costs related with water pricing implementation, but 
also improve the transparency of water pricing and increase collection rates 
(Johansson et al., 2002). There is quite a numbers of scientific literature that shows 
the positive effect of WUA in water resource management. Кос et al. (2006), using 
1010 random samples of farmers’ interviews, evaluated the performance of WUA in 
the Great Menderes Basin in Turkey. They found that users were very positive 
about the performance of WUA in operating, managing, and maintaining the 
irrigation infrastructure and their services. A case study by Batt and Merkley (2010) 
found that involving WUA in water management improved the availability of water 
to the farmers in Egypt. McCarthy and Essam (2009) also found that involvement of 
WUA in Chile may improve agricultural productivity by well maintaining the canal 
system. User participation in water resource management developed rapidly since 
the 1990s in China. According to the statistics, there were more than 50,000 WUAs 
nationwide in China, which manage more than 20 million ha irrigated land (World 
Bank, 2011). However, according to expert interviews conducted 2013, farmers are 
currently not involved in water resources management along the Tarim River. They 
also stated that the government tried to implement WUA in the region, but it was 
unsuccessful. Still, it is not clear why it did not work successfully. Besides, 
implementation of WUA requires well-defined water rights that are currently absent 
along the Tarim river. Thus, there is great importance of further research examining 
how to successfully implement the WUA for achieving more efficient water use 
along the Tarim River. 
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4 Summary  
Underpricing of irrigation water is recognized as one of the primary causes of 
overutilization of water, low water use efficiency, and aging as well as degrading of 
infrastructure in arid and semi-arid regions, such as Tarim River Basin. Irrigation 
water pricing as an important economic instrument, is believed to not only 
encourage the users to use water more carefully, but also provide funds for 
sustaining the water supply system. 
The main objectives of the study are to explore whether irrigation water pricing can 
lead to efficient water use in agriculture along the Tarim River. In particular, the 
study aims at addressing the following research questions: (1) Which developments 
in land use and water use can be observed, and what are driving forces for these 
developments? (2) How farmers respond to changes of water pricing, and what are 
factors influencing their choice? (3) What are the positive effects of different levels 
of water pricing and changes in water pricing practices on increased water use 
efficiency? (4) What are the positive effects of other agricultural policies on 
increased water use efficiency? (5) What policy options can be recommended for 
the successful implementation of an efficient water pricing policy?     
This work was accomplished within the framework of Sino-German Project 
SuMaRiO (Sustainable Management of River Oases along the Tarim River) funded 
by the German Federal Ministry of Education and Research under the “Sustainable 
Land Management” program. To understand land and water use development and 
driving forces along the Aksu-Tarim Basin, a workshop was conducted in Urumqi 
which is capital city of Xinjiang Uyghur Autonomous Region. Local experts from 
different research disciplines as well as relevant stakeholder participated in the 
workshop. Besides, data were collected and analyzed from preselected sources such 
as statistical yearbook and government’s official document. Research results 
embedded in the first article revealed that there was a huge land expansion and 
increase in water use for agriculture during the period from 1989 to 2011. The 
results also indicate that interaction of vast population growth, positive price 
development, agricultural profitability increase, government’s afforestation program 
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(Grain for Green) and insufficient control of land expansion were the main driving 
forces for those developments. 
Farmers’ behavior towards the changes of irrigation water pricing is one of the 
important factor determining efficiency of water pricing to elicit water conservation 
and demand reduction. Therefore, a total of 257 farm household interviews were 
conducted, of which 128 served to find out farmers’ responses towards the changes 
of water pricing in different parts of Tarim River in July and August 2012. The 
results of statistical analyses are presented in the second article. Results show that 
only less than half of the interviewed farm households would react to increased 
water prices with proper changes of their farming practices leading to a more 
efficient water use. Results also show that increasing water prices encourage the 
farmers to shift their irrigation from surface water to groundwater which may result 
in further environmental problems. It can be concluded that increasing water prices 
alone are not enough to increase water use efficiency. Furthermore, the 
implementation of strict regulations of groundwater use is highly recommended to 
prevent its overexploitation. 
Irrigation water price levels and water pricing practices are the most important parts 
which need to be taken into account in the research of an irrigation water pricing 
reform leading to a more sustainable water use. Unfortunately, in the second article 
it is not possible to access the impact of different water price levels and changes in 
the water pricing practices because of its technicality and complexity. Besides, an 
irrigation water pricing reform needs to consider institutional aspects which are 
usually ignored in research on water pricing. Therefore, an innovative approach, 
Bayesian network modeling, was employed to find out the effects of different water 
price levels, changes in water pricing practices, and other agricultural policy options 
on the water use efficiency along the Tarim River. Compared to findings from 
previous research, the Bayesian network approach perfectly integrated crucial 
institutional aspects as well. For the model development, data from expert 
interviews, workshops, policy documents, official statistics, and scientific literature 
were collected, analyzed, and integrated into the Bayesian networks. Results 
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presented in the third article show no significant impact of water prices increased 
by 0-50% on water use efficiency. Solely an increase of 100% may have a relevant 
positive effect on water use efficiency. The model results also reveal that water 
pricing may provide a promising option to increase water use efficiency provided 
that volumetrically measuring systems, subsidies for water saving technologies, and 
technical support are available. 
The fourth article discusses the economics of cotton production and land use 
changes along the Tarim River from 1989 to 2009 using data from official statistical 
yearbooks. The results of a trend analysis indicate that the land area of cotton 
increased. In contrast, the area of other crops slightly decreased. Results of 
comparative advantage index of cotton production show that most farmers in the 
upper stream are more efficient in cotton production compared to farmers of the 
lower stream, whereas farmers in Xinjiang Production and Construction Corps are 
more efficient than farmers outside the Xinjiang Production and Construction Corps.          
The overall results of the study indicate that irrigation water pricing is not the best 
option to achieve an efficient water use in agriculture along the Tarim River. It 
requires additional adjustments and supportive agricultural policies such as the 
availability of volumetric measuring systems, subsidies for water-saving 
technologies, technological support for farmers, as well as a further institutional 
reform. Besides, special attention should be given to the protection of groundwater 
resources, especially when water prices increase. Furthermore, additional research 
is needed to examine the impacts of water pricing on farmers’ welfare, and the role 
of transferable water rights and water user associations in terms of an efficient water 
use along the Tarim River.     
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5 Zusammenfassung 
Niedrige Wasserpreise für die Bewässerung landwirtschaftlicher Nutzflächen 
werden als einer der Hauptgründe für übermäßige Wassernutzung, niedrige 
Wassernutzungseffizienz und den Verfall von Bewässerungsinfrastruktur in ariden 
und semi-ariden Regionen angesehen. Die Situation im Tarimbecken in 
Nordwestchina stellt ein gutes Beispiel für diese Problematik dar. Es wird davon 
ausgegangen, dass das Erheben von Wasserpreisen im Bewässerungslandbau ein 
wichtiges wirtschaftliches Instrument darstellt, welches Wassernutzer zu einem 
verantwortungsvolleren Umgang mit der Ressource bringen kann. Erzielte 
Einkünfte aus Wasserpreisen können zudem der Verbesserung der 
Wasserversorgungsinfrastruktur dienen. 
Das Hauptaugenmerk dieser Dissertation war auf die Frage gerichtet, ob 
Wasserpreise in der Bewässerungslandwirtschaft entlang des Tarims zu einer 
effizienteren Wassernutzung führen können. Im Speziellen, wurden folgende 
Fragestellungen behandelt: (1) Welche Entwicklungen konnten in der Land- und 
Wassernutzung entlang des Tarims beobachtet werden und was waren die treibende 
Kräfte für diese Entwicklungen? (2) Wie reagieren Landwirte auf veränderte 
Wasserpreise und welche Faktoren beeinflussen deren Entscheidungen? (3) Welche 
positiven Effekte haben verschiedene Wasserpreise und Wasserpreismaßnahmen 
auf die Wassernutzungseffizienz? (4) Welche positiven Effekte weiterer 
agrarpolitischer Maßnahmen existieren bezüglich der Wassernutzungseffizienz? (5) 
Welche Möglichkeiten können politischen Entscheidungsträgern aufgezeigt werden, 
um eine effiziente Wasserpreispolitik einzuführen? 
Diese Arbeit wurde im Rahmen des chinesisch-deutschen SuMaRiO-Projektes 
(Nachhaltiges Flussoasenmanagement entlang des Tarims) durchgeführt und vom 
Bundesministerium für Bildung und Forschung (BMBF) im Rahmen des 
Programmes „Nachhaltiges Landmanagement“ gefördert. Um die aktuellen und 
historischen Entwicklungen hinsichtlich der Land- und Wassernutzung und deren 
treibenden Kräfte im Aksu-Tarimbecken zu identifizieren, wurde ein Workshop in 
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Urumqi, der Hauptstadt der Autonomen Uigurischen Provinz Xinjiang, 
durchgeführt. Teilnehmer waren lokale Experten verschiedener 
Forschungsdisziplinen sowie weitere relevante Akteure, beispielsweise politische 
Entscheidungsträger. Ergänzend wurden Sekundärdaten aus statistischen 
Jahrbüchern und offiziellen politischen Dokumenten erhoben. Ergebnisse zeigten, 
wie im ersten Artikel dargestellt, dass im Zeitraum von 1989 bis 2011 eine enorme 
Expansion landwirtschaftlicher Nutzflächen und damit ein stark erhöhter 
Wasserverbrauch stattgefunden hat. Es konnte gezeigt werden, dass diese 
Entwicklung durch eine Kombination der folgenden Faktoren bedingt wurde: (a) 
starkes Bevölkerungswachstum, erhöhte Erzeugerpreise, (c) gesteigerte 
landwirtschaftliche Produktivität, (d) das Regierungsprogramm zur Aufforstung 
(Grain for Green) und (e) mangelhafte Kontrolle der Expansion landwirtschaftlicher 
Flächen. 
Die Reaktionen von Landwirten auf veränderte Wasserpreise ist ein entscheidender 
Faktor bei der Bestimmung von effizienten Wasserpreisen zur Einsparung und 
Nachfragereduzierung der knappen Ressource. Von Juli bis August 2012 wurde in 
verschiedenen Regionen entlang des Tarims eine Farm-Haushaltsbefragung mit 
insgesamt 257 Interviews durchgeführt. 128 dieser Interviews dienten der Analyse 
der Reaktionen von Landwirten auf erhöhte Wasserpreise. Die Ergebnisse dieser 
Analysen sind im zweiten Artikel beschrieben. Es konnte gezeigt werden, dass 
lediglich die Hälfte der befragten Betriebe ihre Bewässerungsmethoden zu Gunsten 
einer effizienteren Wassernutzung anpassen würden. Viele Landwirte kündigten 
hingegen an, dass sie einem erhöhten Preisdruck mit einer vermehrten 
Grundwassernutzung entgegenwirken würden, was jedoch schwerwiegende 
ökologische Folgen haben kann. Daraus kann abgeleitet werden, dass die bloße 
Erhöhung der Wasserpreise für eine effizientere Ressourcennutzung nicht ausreicht. 
Ferner wird eine strenge Regulierung der Grundwassernutzung empfohlen, um die 
Ausbeutung der knappen Ressource einzuschränken. 
Bei der Ermittlung von geeigneten Reformen von Wasserpreisen zur nachhaltigeren 
Wassernutzung stellen Preisniveau und Art der Preiserhebung die wichtigsten zu 
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untersuchenden Eigenschaften dar. Auf Grund des Umfangs und der Komplexität 
des Themas, war es bei der direkten Befragung der Landwirte nicht möglich, die 
Reaktionen auf verschiedene Preisniveaus zu ermitteln. Zudem müssen 
institutionelle Aspekte bei einer umfassenden Wasserpreisreform berücksichtigt 
werden. Aus diesem Grund wurde im dritten Artikel der Einfluss verschiedener 
Wasserpreise, verschiedener Praktiken der Gebührenerhebung, sowie weiterer 
agrarpolitischer Maßnahmen auf die Wassernutzungseffizienz mittels Bayesschen 
Netzwerken modelliert. Im Vergleich zu vorhergehenden Studien, konnte die 
Verwendung Bayesscher Netzwerke die notwendige Berücksichtigung 
institutioneller Faktoren gewährleisten. Zur Entwicklung des Modells wurden Daten 
mittels Experteninterviews, Workshops sowie der Analyse von Sekundärquellen – 
beispielsweise politische Dokumente, Statistiken oder wissenschaftliche 
Veröffentlichungen – ermittelt. Bei um 0-50% erhöhten Wasserpreisen konnte kein 
signifikanter Einfluss auf die Wassernutzungseffizienz nachgewiesen werden. 
Lediglich eine Verdopplung der aktuellen Wasserpreise hatte einen nachweisbar 
positiven Effekt auf die Wassernutzungseffizienz unter der Voraussetzung einer 
verbrauchsorientierten Preisermittlung (=volumetrischer Wasserpreis). Das 
entwickelte Modell konnte zudem zeigen, dass volumetrische Wasserpreise, 
kombiniert mit der Förderung effizienter Bewässerungstechnologie und 
landwirtschaftlicher Beratung die Möglichkeit bieten, die Wassernutzungseffizienz 
zu erhöhen. 
Im vierten Artikel wurde die Wirtschaftlichkeit des Baumwollanbaus und der 
Landnutzungsänderungen entlang des Tarims im Zeitraum von 1989 bis 2009 
analysiert. Hierfür wurden Sekundärdaten aus statistischen Jahrbüchern verwendet. 
Die Ergebnisse einer durchgeführten Trendanalyse zeigen eine Expansion des 
Baumwollanbaus während sich die Fläche alternativer Nutzpflanzen in geringem 
Umfang verringerte. Außerdem konnte im Baumwollanbau am Oberlauf des Tarims 
eine höhere Produktivität als flussabwärts nachgewiesen werden. Landwirte der 
Militärfarmen des „Xinjiang Production and Construction Corps“ waren hierbei 
effizienter als Landwirte außerhalb der Militärfarmen. 
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Aus den Ergebnissen der einzelnen Artikel kann gefolgert werden, dass 
Wasserpreise als alleinige Maßnahme zur Erhöhung der Wassernutzungseffizient 
entlang des Tarims nicht genügen. Für die erfolgreiche Implementierung eines 
effizienteren Wassermanagements sind zusätzliche Anpassungen der 
Preismechanismen, sowie gezielte agrarpolitische Maßnahmen notwendig. 
Volumetrische Wasserpreise, Subventionen effizienter Bewässerungstechnologien, 
landwirtschaftliche Beratung sowie grundlegende institutionelle Reformen 
erscheinen unausweichlich, um eine nachhaltigere Wassernutzung in der 
Studienregion zu ermöglichen. Ein besonderes Augenmerk sollte auf der Nutzung 
der knappen Grundwasservorräte liegen, insbesondere bei erhöhten Wasserpreisen. 
Zusätzlicher Forschungsbedarf besteht bei den Auswirkungen von Wasserpreisen 
auf das landwirtschaftliche Betriebseinkommen, der Übertragbarkeit von 
Wassernutzungsrechten und bei der Rolle von Vereinigungen und 
Genossenschaften von Wassernutzern bezüglich einer effizienteren Wassernutzung 
entlang des Tarims. 
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